The loss of conformational entropy is a major contribution in the thermodynamics of protein folding. However, accurate determination of the quantity has proven challenging. We calculate this loss using molecular dynamic simulations of both the native protein and a realistic denatured state ensemble. For ubiquitin, the total change in entropy is TΔS Total = 1.4 kcal·mol −1 per residue at 300 K with only 20% from the loss of side-chain entropy. Our analysis exhibits mixed agreement with prior studies because of the use of more accurate ensembles and contributions from correlated motions. Buried side chains lose only a factor of 1.4 in the number of conformations available per rotamer upon folding (Ω U /Ω N ). The entropy loss for helical and sheet residues differs due to the smaller motions of helical residues (TΔS helix−sheet = 0.5 kcal·mol NMR order parameters | molecular dynamics | helix propensity | sheet propensity | denatured state A n accurate determination of the loss of conformational entropy is critical for dissecting the energetics of reactions involving protein motions, including folding, conformational change, and binding (1-6). Given the difficulty of directly measuring the conformational entropy, most early estimates relied on computational approaches (2, 7-10), although, more recently, NMR methods have been used to measure site-resolved entropies (11). The computational methods often calculated the entropy of either the native state ensemble (NSE) or the denatured state ensemble (DSE) and invoked assumptions about the entropy of the other ensemble [e.g., assuming the NSE is a single state or that the DSE is a composite of all side-chain (SC) rotameric states in the Protein Data Bank (PDB)]. Most previous approaches focused on helices and omitted contributions from vibrations and correlated motions (12, 13), thereby partly accounting for the spectrum of calculated values.
A n accurate determination of the loss of conformational entropy is critical for dissecting the energetics of reactions involving protein motions, including folding, conformational change, and binding (1) (2) (3) (4) (5) (6) . Given the difficulty of directly measuring the conformational entropy, most early estimates relied on computational approaches (2, (7) (8) (9) (10) , although, more recently, NMR methods have been used to measure site-resolved entropies (11) . The computational methods often calculated the entropy of either the native state ensemble (NSE) or the denatured state ensemble (DSE) and invoked assumptions about the entropy of the other ensemble [e.g., assuming the NSE is a single state or that the DSE is a composite of all side-chain (SC) rotameric states in the Protein Data Bank (PDB)]. Most previous approaches focused on helices and omitted contributions from vibrations and correlated motions (12, 13) , thereby partly accounting for the spectrum of calculated values.
We address these issues by calculating the chain's conformational entropy from the distributions of the backbone (BB) (ϕ,ψ) and SC rotametric angles, [χ n ], obtained from all-atom simulations of the NSE and DSE for mammalian ubiquitin (Ub). This study extends our previous calculation of the loss of BB entropy that used an experimentally validated DSE (14) . The calculated angular distributions reflect both the Ramachandran (Rama) basin populations and the torsional vibrations. Correlated motions are accounted for through the use of joint probability distributions [e.g., P(ϕ,ψ,χ 1 ,χ 2 )].
The computed loss of BB entropy is 80% of the total entropy loss at 300 K. The BB entropy is independent of burial and residue type (excluding Pro, Gly, and pre-Pro residues) but depends on the secondary structure. Helical residues lose more BB entropy than sheet residues, TΔS helix−sheet = 0.5 kcal·mol −1 at 300 K, a difference not fully reflected by either amide N-H or carbonyl C=O bond NMR order parameters. The SC entropy loss, TΔS SC ∼ 0.2 kcal·mol −1 ·rotamer −1 , is largely independent of 2°structure and weakly correlated with burial. Combining this correlation with the average loss of BB entropy for each 2°structure type provides a site-resolved estimate of the entropy loss for an input structure (godzilla.uchicago.edu/cgi-bin/PLOPS/PLOPS.cgi). This estimate can assist in thermodynamic studies and coarsegrained modeling of protein dynamics and design.
Results
The NSE and DSE of Ub (15) are generated from molecular dynamics (MD) simulations using the CHARMM36 force field (14, 16) and the TIP3P water model (17) . The DSE is produced from short trajectories initiated from 315 members of a larger ensemble constructed using BB (ϕ,ψ) dihedral angles found in a PDB-based coil library (18) . The DSE's NMR chemical shifts (19, 20) , N-H residual dipolar couplings (RDCs) (18) (Fig. S1 ), and radius of gyration, R g (14, 18, 21) , agree with data for chemically denatured Ub. The average helicity for residues located in the helix and the rest of the residues is 2% in water at 293 K (22) . Hydrogen exchange studies are also consistent with all of the H-bonds being broken upon global unfolding (23) , further supporting the use of the statistical coil model to describe the DSE. To maintain agreement with experiment, the (ϕ,ψ) angles are constrained in the simulations to remain in their Rama basins via reflecting walls that separate the five major basins (Fig. S2 ). Without these constraints, the MD would undergo interbasin transitions, altering the angles to produce an ensemble that no longer agrees with the experimental RDCs. Additionally, the Significance Despite 40 years of study, no consensus has been achieved on the magnitude of the loss of backbone (BB) and side-chain (SC) entropies upon folding, even though these quantities are essential for characterizing the energetics of folding and conformational change. We calculate the loss using experimentally validated denatured and native state ensembles, avoiding the drastic assumptions used in many past analyses. By also accounting for correlated motions, we find that the loss of BB entropy is three-to fourfold larger than the SC contribution. Our values differ with some calculations by up to a factor of 3 and depend strongly on 2°structure. These results have implications upon other thermodynamic properties, the estimation of entropy using NMR methods, and coarse-grained simulations.
Author contributions: M.C.B., K.F.F., and T.R.S. designed research; M.C.B. and E.J.H. performed research; M.C.B., J.M.J., and T.R.S. analyzed data; and M.C.B., J.M.J., K.F.F., and T.R.S. wrote the paper. (21)]. Entropies are calculated as before using S = R ΣP i lnP i , where P i is the probability of being in microstate i (9, (12) (13) (14) (26) (27) (28) (29) (30) . Although entropy is defined in terms of the probability distributions over all atomic positions, it can be decomposed into the protein entropy and the average solvent entropy conditional on the protein's microstates. Conversion to (ϕ,ψ,[χ n ]) angular coordinates from (x,y,z) coordinates normally requires a Jacobian. However, the Jacobian is constant across phase space (assuming other bond angles and lengths are constant); hence, it is not calculated. Similarly, the size of a microstate in phase space is affected by bin size, but this effect cancels for entropy differences so that our values can be compared with other values of ΔS in the literature. The restriction to BB and SC angles ignores other degrees of freedom, such as bond length vibrations, that are assumed to cancel in entropy differences.
To account for correlated motions, entropies are calculated using joint probability distributions for up to four angles at a time, where the effects of limited sampling statistics are, on average, TΔS sampling ∼ 0.1 kcal·mol −1 (Fig. S3A ). For the loss of chain entropy upon folding per residue, TΔS Total equals 1.38 0.46 kcal·mol −1 (the subscript represents the SD across the sequence rather than the uncertainty). Rigorously, the total entropy cannot be separated into BB and SC values due to correlations. Nevertheless, such a separation is useful even if not fully valid. Accordingly, we compute the individual BB entropy and then the corrected SC entropy from the difference between the total and BB entropies. The average reduction of 0.14 kcal·mol −1 due to correlated BB/SC motions is assigned to the SC entropy. The BB entropy loss, 1. ). If the mutual entropy between the BB and SC is split evenly between the two, the BB term still is threefold larger than the SC term.
The errors due to finite sampling and bin size are estimated from four tests (Fig. S3) . First, the NSE and DSE ensembles are split into halves, quarters, eighths, and sixteenths. The dependence of the total entropy on ensemble size indicates that our calculation has converged to within ∼2%. In addition, the residue-level entropies are very similar whether calculated using either a 1/2:1/2 or a 3/4:1/4 decomposition of the total ensemble, or with 10°or 15°bins (using the entire ensemble). These four calculations indicate a sampling uncertainty of TΔS ∼ 0.1 kcal·mol
Secondary Structure and Amino Acid Dependence. The loss of SC entropy is largely independent of 2°structure (Fig. 1B ). In contrast, the change in BB entropy varies for helices, sheets, and coil residues, being 1.5, 1.0, and 1.2 kcal·mol
, respectively. This difference emerges because of a higher entropy reduction in the NSE resulting from a tighter (ϕ,ψ) distribution for residues in helices and, to a lesser extent, in turns, which are considered to be coil residues ( Fig. 2A) . Because helical residues, regardless of amino acid type, sample a very similar (ϕ,ψ) distribution in the NSE, variations in the BB entropy loss upon helix formation arise from residue-dependent differences in the DSE ( Fig. 1D and Fig. S4 ). However, as discussed below, the net entropy loss does not correlate well with helical propensity. The DSE entropies of the β-branched residues Val and Ile are of lower entropy than the average of other non-Gly, pre-Pro, and Pro residues by TΔS = 0.3 kcal·mol −1 (Fig. S4C ). The spread for the other residues is due to sequence dependence and closely matches the spread calculated from Dunbrack's coil library (31) (Fig. S4D ).
NMR Order Parameters and Entropy. Lipari-Szabo NMR order parameters (S LZ ) have been used to estimate BB and SC entropies in folding and binding (3, 11-13, 26, 32-37) . The order parameter reflects the angular distribution of a bond vector [e.g., the peptide N-H) relative to the molecular (reference) frame for subnanosecond motions (32, 33) ]. Our NSE BB entropy is similar to the entropy calculated using the N-H order parameter with a diffusion-in-a-cone model (32) , albeit with a notable discrepancy ( Fig. 2 and Fig. S5 ). Generally, S 2 LZ is slightly higher for helical than for sheet residues (S , even for sheet residues having high order parameters, S 2 LZ ≥ 0.89). As a result, no single relationship between the N-H order parameter and entropy can simultaneously describe both helical and sheet residues (Fig. 2C) .
We also calculated TΔS helix−sheet directly from the motions of the N-H, C=O, and peptide plane vectors for I3 (sheet) and I30 (helix) ( , respectively, whereas our Rama-based calculation yields 0.44 kcal·mol −1 . Because the calculations are based on the same data, they should agree if they report on the same quantity (38) . Given that they produce disparate values, we conclude that the three vectors are reporting on different motions (38) and are not true proxies of the total BB entropy. Nevertheless, a single model relating each vector's S LZ 2 value to its own entropy, rather than the BB entropy, successfully describes both helical and sheet residues (32) (Fig. S5) . (Fig. S6) . The contributions from correlations between the BB and SC angles are deduced from S Total − (S BB + S SC ), the difference between the total entropy and the sum of the BB and SC entropies, independently evaluated from the distributions P i (ϕ,ψ) and P i ([χ n ]), respectively. These correlations differ in the NSE and DSE, −0.05 and −0.19 kcal·mol
, respectively (Fig. S6A) . The difference arises because the BB samples multiple Rama basins in the DSE, and the BB angles are correlated with χ 1 . In contrast, the BB angles typically remain in a single basin in the NSE, so the effect of these correlations is absent. Hence, this correlation produces a measurable reduction for the difference between the NSE and DSE, TΔS SC correction = −0.14 kcal·mol (Fig. S6A ). This effect varies along the sequence (e.g., TΔS NSE BB corr = −0:06 and −0.18 kcal·mol −1 for helices and sheets, respectively). However, the cumulative corrections are similar in the NSE and the DSE, −0.14 and −0.13 kcal·mol , respectively. Helical residues have smaller corrections in the NSE compared with the DSE, whereas the opposite is true for sheet residues. The average contribution from correlated BB rotations for the 442 contacting pairs of nonsequence adjacent residues, defined by those residues making at least one heavy atom contact during the entire NSE simulations, is only −0.06 kcal·mol Fig. S6C) . The three largest corrections, 0.30-0.34 kcal
, are in the N-terminal β turn (i,i + 2,3 contacts).
The correlations between contacting SCs are determined using the joint χ-angle distributions involving six or fewer angles or more than six angles with bin sizes of 20°or 30°, respectively (Fig.  S6B) . We use an average of at least 3, 5, or 10 heavy-atom SC contacts to define a pairwise interaction in the NSE trajectories (152, 113, and 41 pairs, respectively). After subtracting the corresponding correction for each pair in the DSE simulations, the reduction in TΔS is −0.02 to −0.06 kcal·mol . This analysis indicates that motions of contacting SCs are nearly independent of each other, in agreement with Hu and Kuhlman (6) and Li et al. (13) .
Our procedure of using joint probability distributions for up to eight angles largely eliminates the need to calculate the higher order corrections using a mutual information expansion or maximum information spanning tree (39) . Our calculation omits correlations across more than three pairs of BB dihedral angles, across more than three sets of SCs, or between BB and SC angles on different residues. The neglect of these terms should not affect our final values beyond the stated statistical uncertainties, especially considering that the correlations examined above yielded even smaller contributions (13) .
Burial and Entropy. The loss of BB entropy is independent of burial (r = −0.10), whereas the change in SC entropy is weakly correlated with the solvent accessible surface area (SASA) that becomes buried upon folding, <ΔSASA DSE−NSE >/<SASA DSE > (r = 0.47; Fig. S7 ). Non-Gly, Ala, and Pro residues that bury either less or more than 50% of their SASA upon folding have an average TΔS per rotamer of 0.08 0. 13 , respectively. The correlation slightly improves when the loss is compared with the burial relative to the average for each residue type (r = 0.52; Fig. 3A) .
Considerable site-to-site variation in the loss of SC entropy exists for exposed and buried residues (Fig. 4) . The surface residues K33 and K48 (∼20% burial) have significantly different SC entropy losses, 0.5 and −0.1 kcal·mol , respectively (Fig.  4A ). K33's χ 1 and χ 2 angles are more restricted because of the threefold greater number of contacts formed by SCs in the NSE, even though both residues have comparable exposure (135 vs. 144 Å 2 ) and similar DSE distributions (Fig. S8) (Fig. 4B and Fig. S8) , consistent with other studies (40) . Conformational heterogeneity appears in the SC of a highly buried Arg while still maintaining ordered contacts (41) . These and other examples illustrate that upon folding, surface and core residues lose an amount of entropy that depends on context. Hence, the common assumption that SCs adopt a single state when buried and an unfolded-like number of states when exposed to solvent is inaccurate in the aggregate.
Estimating Entropy from Structure. Our results suggest that knowledge of the structure is sufficient to estimate the siteresolved BB and SC entropies. The BB entropy is estimated using the average values for α, β, and coil residues, corrected for the dependence of the DSE entropy on residue type. The SC entropy's sensitivity to burial is estimated using a linear correlation with the relative burial (ΔS·rot −1 = 0.4·ΔBurial rel ; Fig. 3A) . The sum provides a reasonable estimate of the total entropy for each Ub residue (Fig. 3B) . We expect the values found for Ub, a typical globular protein, apply to other proteins when their DSEs are similarly unstructured.
Discussion
A method for determining the loss of entropy is essential for dissecting the energetics of folding, binding, and conformational change (1-3). Our method resembles a variety of previous studies that use angular distributions to calculate entropies (9, 12-14, 26-30), although we include features that have not been previously considered or used in combination. MD simulations are used to create realistic ensembles for both the NSE and DSE. We account for intrawell and interwell motions, obviating the need to invoke assumptions about the entropy in either state or the shape of the wells. Our DSE includes Rama basin restraints so that the ensemble has the proper R g , chemical shifts, and distributions of dihedral angles that are necessary to reproduce experimental RDCs (14, 18, 21) . Without these constraints, the chain would unphysically collapse. We also evaluated contributions arising from correlated motions, TΔS corr ∼ 0.3 kcal·mol , respectively, overlap with some previous estimates but are smaller than others, particularly for the SC entropy (30) . Our small value for TΔS SC is consistent with the finding of Hu and Kuhlman (6) that including SC entropy has minimal effect in amino acid preference for protein design. Many previous methods similarly calculate SC entropy losses upon binding and folding by counting rotameric states, sometimes using energy-weighted (9, 42) or Monte Carlo approaches (43) (44) (45) , which are likely to have very good sampling. Doig and Sternberg (7) survey several works and report an average loss of 0.5 kcal·mol
. Many approaches model the DSE's rotamer distribution (e.g., using the diversity observed in the PDB), while assuming the NSE has one conformation (9) .
Using Monte Carlo sampling, DuBay and Geissler (8) find TΔS = 0.9 kcal·mol −1 for the loss of SC entropy, although they note that their reference state overestimates the freedom in the DSE. Their computed entropy loss of 0.14 kcal·mol −1 ·rot −1 for binding is very similar to our SC value for folding. Other treatments assume single, sometimes quasiharmonic, energy wells (2, 46), unlike our DSE's multiwell energy surface.
A variety of methods, typically applied to helices, produce TΔS BB = 0.9-2.2 kcal·mol −1 , with a median of 1.4 kcal·mol −1 (30) , which is close to our helical value but greater than our sheet values, 1.5 and 1.0 kcal·mol −1 , respectively. Calculations by Lee et al. (9) and D'Aquino et al. (29) are in mixed agreement with our data. They use calorimetric data to estimate ΔS Ala−Gly , which is combined with a computation approach similar to ours to estimate the DSE entropy. Their entropy loss is also amino acidand burial-dependent. However, their Rama distributions in the DSE are broader than ours, and they assume one conformation for buried SCs. Applying their analysis to Ub's α-helix produces an average TΔS BB = 0.9 kcal·mol
, which is lower than our value of 1.5 kcal·mol −1 . The corresponding SC calculation produces TΔS SC = 0.7-1.0 kcal·mol −1 (using a 50-80% threshold for classifying a residue as buried), which is much higher than our value of 0.3 kcal·mol , which is again higher than our average value of 0.2 kcal·mol −1
. Nevertheless, the two methods produce comparable total losses of entropy for Ub's helix (∼1.8 kcal·mol . Their DSE maps (from 498 K simulations) are heavily dominated by helical conformations for Ala and, to a lesser extent, for Gly, whereas our maps are dominated by extended conformers, a necessary feature for matching experimental RDCs (18) . Nevertheless, their calculations and our calculations produce similar values for the difference in the loss of BB entropy upon helix formation between an Ala and a Gly, ΔðTΔS , is equated to the loss of BB entropy under the implicit assumption that the native state has one conformation or, more precisely, that the residual entropy of the extended chain is the same as the native state entropy. Although there is no a priori reason for this equivalence, a recent computational study provides support because the area sampled in the Rama map of an unfolded chain under 250 pN of force (47) is similar to the area sampled by helical residues in our NSE simulations. The similarity explains why their approach produces a similar value for helical residues (but not for sheets).
Coarse-grained simulations have been used to predict folding pathways and conformational changes. These models generally fall into two classes. In the first class, real-space dynamics are conducted and the conformational entropy is determined by ΔS = Energy/T midpoint . For one Cα bead model, the entropy is 1.6 kcal·mol −1 , as calibrated using a variety of proteins (48) . The second class involves G o-style Ising models that lack any explicit BB or SC degrees of freedom. As a result, an entropy term is added for each unfolded residue and should correspond to our total loss of entropy. Alm and Baker (49) , respectively. Although these values are similar to our average, the models omit all dependence on 2°structure, amino acid type, or SC burial. This lack of dependence on 2°structure favors helix formation because it fails to account for the additional 0.5 kcal·mol −1 entropy loss for helix formation. This bias can influence the prediction of folding pathways (e.g., it may explain the frequent misidentification of helix in the transition state of protein L by coarse-grained models) (51) . Our entropies and their dependence on structure, residue type, and burial may be used to improve both classes of coarse-grained models, as well as to assist in protein design.
NMR Order Parameters. Order parameters have been used to estimate microscopic BB and SC entropies (3, 11-13, 26, 32-37) . Yang and Kay (32) derived a popular equation relating S 2 LZ to entropy from a diffusion-in-a-cone model, whereas Palmer and coworkers (52) showed that estimates of changes in stability are LZ observed in proteins. Although order parameters are ill-defined in the DSE due to the lack of a global reference frame, some estimates of the change in BB entropy using N-H order parameters with a diffusion-in-a-cone model are close to our values, 0.8-1.6 kcal·mol −1 (32) (33) (34) 53) .
However, our calculation exhibits a notable discrepancy, with S 2 LZ -derived values for the difference in entropy loss for helical and sheet residues even for those positions having similarly high N-H order parameters. For example, the difference in the BB entropy between an Ile in a helix and in a sheet is TΔS helix−sheet = 0.44 kcal·mol for calculations based on the N-H, C=O, and peptide plane vector motions, respectively (Fig. 2 B and D) . The three vectors are reporting on different motions, consistent with a study by Wang et al. (38) , and none fully reflects the BB entropy (Fig. 2C and Fig. S5 ). This underreporting arises due to their being incomplete proxies of all (ϕ,ψ) combinations. The dominant BB motion on the subnanosecond time scale is the rocking of the peptide plane. This motion involves a counterrotation of the two flanking dihedral angles, Δψ i−1 ∼ −Δϕ i (13, 54) , with the correlation being stronger for sheet residues because they undergo larger angular changes. Consequently, the three vectors do not sample the entire 2 degrees of (ϕ,ψ) angular freedom that define the BB entropy (37), particularly for sheet residues.
Consequently, no single relationship between S 2 LZ and the BB entropy simultaneously describes both helices and sheet residues with an accuracy better than 0.2-0.5 kcal·mol −1 . This deficiency is particularly true at S 2 LZ ≥ 0.9, where the entropy-order parameter relationship is most sensitive to slight changes in S 2 LZ . Nevertheless, the S 2 LZ -entropy relationship is quite accurate for any one of the three vectors' order parameter and its own entropy (32) (Fig. S5) . This difference supports the application of the diffusion-in-a-cone model for a given vector motion and its entropy but emphasizes that none of the three bond vectors' motions fully reflects the BB's ϕ-and ψ-motions.
SC order parameters have been used to estimate changes in entropy upon binding (11) . Wand and coworkers (55) find a strong correlation between the change in the SC methyl symmetry axis order parameter and the loss in calmodulin's conformational entropy upon binding a series of target peptides. This relationship is used to calibrate an "entropy meter." Later, Kasinath et al. (3) analyzed MD simulations and found that motions of methyl-bearing SCs are excellent proxies of the entire SC entropy once the individual values are weighted according to the number of rotameric states. These and other calculations stress the importance of making an in-depth comparison between NMR order parameters and microscopic entropies.
Implications for Hydration Entropies. Estimates for the change in conformational entropy are used to estimate other thermodynamic properties for folding and binding reactions (1-3) . Typically, ΔS nearly vanishes for the entire reaction (e.g., near the temperature of maximum protein stability), where the loss of conformational entropy is balanced by the gain in solvent entropy typically associated with the burial of apolar and polar groups (1). Our revised value for the loss of conformational entropy can provide an estimate of the entropy of hydration, ΔS hydr = ΔS exp − ΔS conf . As a result, our study may help resolve inconsistencies in previous estimates of hydration entropies using transfer studies of model compounds that may be attributable to the use of alternative reference states [e.g,. assumptions that the gas phase is a more appropriate reference state than the solvent phase (56)].
Secondary Structure Propensities. Residues in Ub's helices, sheets, and coil regions lose, on average, 1.5, 1.0, and 1.2 kcal·mol −1 in BB entropy, but the average SC entropy loss is largely independent of the 2°structure. Earlier studies find a strong correlation between helical propensity and the loss of SC entropy on folding for apolar residues (10, 44) . All 14 residues in Ub's helices, or just the four apolar residues, display, at most, a mild correlation between the Chou-Fasman helical propensities and either the total, BB, or SC entropy, with the exception of the BB entropy for the four apolar residues (r = −0.91). Context could be responsible for the difference between the present and prior studies. The earlier results examine monomeric helices, whereas our Ub values are computed for a partially buried amphipathic helix.
Our previous study examining (ϕ,ψ) preferences in a coil library found that both helical and sheet propensities correlate well with a single factor, the probability that a residue in a PDBbased coil library adopts a helical angle and sheet angle, respectively, as given by ΔΔG helix A → X = −RT lnðP helix X =P helix A Þ (57). The individual propensities can be viewed as the work or free energy required to restrict a residue's BB to a specific subset of ϕ,ψ-angles in the NSE (e.g., helical angles) from the multitude of angles adopted by the residue when the protein is unfolded (using a coil library as a proxy for the DSE). The total work contains both entropic and enthalpic components, which may explain the absence of a correlation when considering only the conformational entropy.
Conclusions
We determine the loss of protein conformation entropy upon folding using realistic NSEs and DSEs and include contributions from correlated motions. This protocol provides a nearly complete treatment for a thermodynamic parameter whose magnitude has been debated for decades. The total loss of conformational entropy, 1.4 kcal·mol −1 ·residue −1 , is largely due to the loss of BB entropy. The total conformational entropy loss equates to a factor of ∼5-13 reduction in the number of conformations available per residue, with buried SCs losing only a factor of 1.4 per rotamer. Helical residues lose a factor of 2.3 more conformations than sheet residues due to more restricted motions in the native state. This difference should be accounted for in coarse-grained simulations and NMR analyses of microscopic entropy changes upon folding and binding. These data are incorporated into a server that provides estimates of the entropy loss for an input native structure (godzilla.uchicago.edu/cgi-bin/ PLOPS/PLOPS.cgi).
Methods
Entropy Calculations. The entropy is calculated from P i (ϕ,ψ,χ 1 ,χ 2 ) for residues with up to two SC rotamers. The BB entropy is evaluated from P i (ϕ,ψ). The SC entropy is the difference between the total entropy and the BB entropy. The total distributions for residues with more than three rotamers (K, R, E, Q) are decomposed into two parts, P i (ϕ,ψ,χ 1 ) and P i ([χ n ]). The total entropy is the sum of the entropies calculated from these two distributions minus the entropy associated with P i (χ 1 ) to avoid double-counting. A further description of our methods is detailed in SI Text.
Creation of the Ensembles. The DSE is generated starting from 315 representative conformations of a DSE constructed using a PDB-based coil library of non-H-bonded residues in the PDB (18) . Angle selection from the library accounts for each residue's chemical identity, as well as for those chemical identities of the neighboring residues and their conformation. Each residue is constrained to remain within its original Rama basin using a harmonic reflecting "wall" at the edge of the basin (14) . This calculation decomposes the total probability distribution into two components: the interbasin distribution (established by the relative basin propensities in the coil library) and the distribution for intrabasin motions obtained with all-atom MD simulations using NAMD (58) . After reaching the target temperature, the BB restraints are gradually released. Following an additional 1 ns of equilibration with no BB restraints, a 2-ns trajectory is carried out while maintaining the Rama basin restraints, resulting in ∼6 × 10 5 structures in the DSE.
The corresponding angular distributions in the NSE are generated from 10 independent 100-ns trajectories at 300 K, starting from the energy-minimized crystal structure (59) and using the same equilibration protocol with BB restraints described above. Structures after the first 10 ns of simulation are saved every 1 ps (providing a total of 9 × 10 5 structures). MD simulations in both states are run with the CHARMM36 (16) force field using the TIP3P water model (17) .
